8 The Minimal Supersymmetric Standard Model:
Part 2

8.1 Electroweak Symmetry Breaking
V(Hu Ha) = (Il +mig, )([Ho” + [HF ) + (pl? + mi, ) ([Hgl* + [Hy )
+b(HH; — HOHY) + h.c.
1 _
(9% + ) ([ H* + [H [P = |Hg” — [Hy |*)?

8
1
+§g2|HjH3* + HYH; 2 (8.1)
V(HY HY) = (|uf®+my)Hy? + (u® +mi, ) HY* — (0 HJHS + h.c.)
1
+§(92+g’2)(\H3l2 — [Hg|*). (8.2)

To destabilize the origin we need:
0% > (Il + mig, ) (|ul* +md,). (8.3)
To ensure the potential is bounded from below we need:
2 2 2
2b < 2|p|* + my, +my,. (8.4)

These relations show that there is a tight relation between the soft SUSY
breaking parameters and the SUSY preserving p-term. A prioi these param-
eters should be unrelated. This is known as the “u problem”. Solutions to
this problem require g to vanish at tree level and be produced as a by-
product of SUSY breaking [5, 6, 7] for examples. .

(HO) = ﬁ (8.5)
(Hg) = 75 (8.6)
my = i(g2 + g%)? (8.7)
v? = 02 + 03 ~ (246 GeV)? (8.8)



Figure 1: The p-problem for m%[u = —%m?qd.
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tan § = vy /vg (8.11)
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0<p<m/2 (8.13)
The minimum conditions OV/0H? = V/OHJ = 0 give
|ul® + mY;, = btan B — (m%/2) cos 203; (8.14)
|ul? +m7, = beot B+ (m%/2) cos 23. (8.15)

this is another way of seeing the “u problem”

The Higgs scalar fields consist of eight real scalar degrees of freedom.
When the electroweak symmetry is broken, three of them are the would-be
Nambu-Goldstone bosons 70, 7& which are eaten by the Z° and W*. This
leaves five degrees of freedom A°,H*, h° and HC. Shift fields by vevs:

HY - % + HO (8.16)
HY % + HY (8.17)
0 0 bCOtﬁ b ImHS
V O (ImH,,ImH;) ( b btan 3 T 0 (8.18)
w0 sg  —cg ImH?
(AO) - \[2(06 sp ) <1mH3>’ (8.19)
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H+)_(Cﬁ 88 )(Hd_*)’ (8.22)

" =a"and H- = H'*

2 2 2 +
VS (HF HD) ( beot B+ miycq b+ mypcasg >< H, ) (8.21)

mie = m4 +m¥ (8.23)

beot B4+ m%s3  —(b+m2)cgs ReH?
0 0 AL] z)eB=8 u
V > (ReH),ReH)) ( —(b+ mY)epss btanf+ mic Re 8.24)

h? cosa —sina ReH)?
(HO)_\/i<Sinoz COoS o ) (ReHC(l))' (8.25)

1
M= g <m?4 +m% F \/(mi +m%)? — 4m%m? cos? 25) . (8.26)

the mixing angle « is determined given by

sin 2« m124 + mQZ cos 2« m124 — mQZ
98~ 2 —m2 e S— (8.27)
sin 20 my — my cos 203 my — my

MA, mi, and myg — oo as b — 0o but my, is maximized at m4 = oo
mp, < |cos28|myz (8.28)

there are however large one-loop corrections that we will see later. For
mao > my, A, H°, and HT are much heavier than A", forming a nearly
degenerate isospin doublet. In this limit, the angle « is fixed to be approx-
imately 8 — /2, and h° has Standard Model couplings to quarks, leptons,
and gauge bosons.



8.2 The Sparticle Spectrum: Squarks and Sleptons

In general we have to diagonalize 6x6 matrices since all scalars with the
same quantum numbers mix. Neglecting mixing for the third generation,
we have for the top squarks

Lo (f Tp)m? (%) (8.29)
where
2 (még +mi + Dy v(asp — pyecp) ) (8.30)
t v(agsg — pyecg)  mz, +mi+ Dy )’
and
Dy = (TE? — Q%M sin? Oy ) cos 26 m%. (8.31)

diagonalize to give mass eigenstates t; and 5 with m% < m% . Mixing angles
1 2

then appear in vertices for mass eigenstates.
Similarly for bottom squarks and tau sleptons (in their gauge-eigenstate
bases (br, br) and (77, Tr))

9 m2Q3m§ +Dg  v(apcs — pypsg) _
mg = v(a ca— g 2 D* N (832)
bCs = HYbSp) Mg +my + Dy
2 2D _
m? = (U(TZLS’ e vlgrcp — p yT?) (8.33)
rC3 — HYrSp) mg, +mz + De

Note that large masses for third generation particles allow for large mixing
in these matrices and the possibility that the lower eigenvalue is driven
negative. This would give vevs to squarks and sleptons which can break
U(1)em and SU(3)..

It is interesting to note what would have happened if we didn’t have soft
SUSY breaking mass terms

T
2  (my'my+D,I A,
Ma = ( Ay m,m,' + Dzl (8:34)
T
2 (mg'mg + D41 Ag
My~ ( Aq' mgmg! + DI (8.35)



Note that D, + Dz + Dg+ D5 = 0, so at least one Dy < 0. Suppose D,, <0,
let

My = Moy (8.36)

where myg is the smallest eigenvalue of m, then
(77, 0)m2 <g> <md (8.37)
So there would be a squark lighter than the u or d quarks [§]

8.3 The Sparticle Spectrum: Charginos

W= and Iii mix, their mass eigenstates are called charginos. In basis
vt =W+, Hf, W=, H}), the chargino mass terms are

LD —%(wi)TMazpi + h.c. (8.38)
where
/(0 XTI\ _ M, V2s5 myy
Mo=(x 0 )0 X (Vaopmn w) 63

diagonalize by

~ 0
U*XV-l = (mc& > . (8.40)
0 ma
2
CHY (WY Cr\ _ (W~
@) @)oo
U and V appear in the interaction vertices for chargino mass eigenstates.
1
2 _ 4+ 2 2 2
mE o = 5 (M 4 |u? + 2miy)

/MLl + P + 2y )2 — aluddy — oy sin 25 5.42)

In the limit that ||p| & Ma| > my the charginos are approxiamtely a wino
and a higgsino with masses |Mz| and |pu|.



8.4 The Sparticle Spectrum: Neutralinos

Y0 = (E’ WO, I;Tg, ﬁg ), all mix with each other form four neutral mass eigen-

states called neutralinos: N; (i =1,2,3,4) and my <mg, <mg <mg
the neutralino mass terms in the lagrangian are
1
LD —§(¢°)TMﬁzp0 + h.c. (8.43)
where
M, 0 —cgswmy  SgSwmyg
Mﬁ: 0 M cgew my  —Sgcw my (8.44)
—CgSsSw mz CgCw Mz 0 — U
Sgswmyz  —Sgcwmyg —u 0
diagonalized by a unitary matrix N
di X _
5 =N"MzN ! (8.45)
for
myz K ’AL:I:M1|,’/LZEM2| (8.46)

then the neutralino mass eigenstates are very nearly B, wo, (ﬁg j:ﬁg) /V2,
with mass eigenvalues: (M7, Na, |ul, |p]). A“bino-like” LSP can make a good
dark matter candidate, and N7 is often assumed to be the LSP.

8.5 The Sparticle Spectrum: Gluinos

The gluino is a color octet fermion so it can’t mix with anything, it’s mass
is just given by the soft SUSY breaking mass Ms.
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